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SUMMARY 
 
Microfiltration has been increasingly used for the removal of particulate matter in 
water purification and wastewater treatment. A major operational constraint in 
microfiltration is the rapid reduction in permeate flux as a result of membrane fouling  
due to high solids loading. Membrane fouling in microfiltration can be attributed to 
pore blocking and cake formation. While many studies have been devoted to the 
macroscopic phenomenon of fouling, little was known on how particle size 
distribution will affect membrane fouling. In this study, suspensions of different 
particle size distributions were prepared and used in a series of dead-end 
microfiltration experiments. The effects of particle size distribution on trans-
membrane pressure, permeation flux and membrane fouling were investigated. The 
results show that suspensions contained large number of small particles cause severe 
membrane fouling. For example, with about the same mean particle size, a suspension 
with a larger particle size range has a lower permeate flux than that with a smaller 
particle size range, even though the concentration of the suspension with a larger 
particle size range is lower. Higher trans-membrane pressures produce higher initial 
permeate flux, but a suspension with a larger particle size distribution has greater 
permeate flux decline at a higher trans-membrane pressure than the suspension with a 
smaller particle size distribution.    
 
The mechanisms of pore blocking and cake formation were characterized with 
theoretical models, together with surface examination using SEM. The results show 
that smaller particles cause higher pore blocking resistance and also higher specific 
cake resistance. The specific cake resistance was also found to be higher for the cake 
  vii 
formed by microfiltration of a suspension with a larger particle size range, due to the 
filling of small particles into the pore spaces among the large particles.  
 
Moreover, membrane fouling was found to experience a transit from initial pore 
blocking mechanism to final cake formation mechanism, and the transition be greatly 
affected by particle size distributions in the suspensions.  
 
The influences of specific cake resistance, kc, on permeate flux were also studied for 
compressible and incompressible cake systems. The results show that when pressures 
are increased, the values of kc are also increased in a compressible cake system but do 
not change significantly in an incompressible cake system. The reason is that 
compressible cake consists of deformable colloids and incompressible cake consists of 
rigid colloids.   
 
The mechanisms of pore blocking and cake formation were also studied with activated 
sludge whose particles are usually compressible. In this case, activated sludge was 
settled for 1 or 2 hr, respectively and microfiltration was conducted with the 
supernatant, settle portion or original activated sludge. Severe membrane fouling due 
to pore blocking was observed for supernatants because they contained more small 
particles that had sizes close to that of the membrane pore sizes. 
 
The study concludes that particle size distribution plays a very important role in 
microfiltration performance and particles with sizes close to the pore sizes of the 
membrane caused the severest membrane fouling.   
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NOMENCLATURE 
 
BOD5  Biochemical Oxygen Demand - 5 days (mg/L) 
COD Chemical Oxygen Demand (mg/L) 
c Influent Concentration (mg/L) 
co Initial concentration (mg/L) 
DO Dissolved Oxygen (mg/L) 
F/M Food to Biomass Ratio (mg BOD5 applied/mg MLVSS.d) 
gal. Gallon 
hr Hour 
MF  Microfiltration 
min  Minute 
MLSS Mixed Liquor Suspended Solids (mg/L) 
MLVSS Mixed Liquor Volatile Suspended Solids (mg/L) 
NF  Nanofiltration 
P  suction Pressure (kPa) 
PVDF  Polyvinylidene  difluoride 
RO  Reverse Osmosis 
TSS  Total Suspended Solids (mg/L) 
T  Temperature ( °C) 
UF Ultrafiltration 
kc  Specific Cake Resistance (m/kg)  
n Compressibility Factor 
oa  Constant
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DP  Transmembrane Pressure (kPa) 
A Filtration Area (m 2) 
C Concentration (mg/L) 
J  Filtration Flux (L/m2.hr) 
m Permeate Viscosity (water viscosity at 21°C) (Pa.hr) 
R f Fouling Resistance (1/m) 
Rm Initial Membrane Resistant (1/m) 
R t Total Resistance (1/m) 
t Filtration Time  
V Accumulative Permeate Volume (m3) 
HMWC  High Molecular Weight Component, such as a protein molecule. 
LMWC  Low Molecular Weight Component, such as NaCl. 
CA   Cellulose acetate, most often di- or tri-acetate. 
PS (PSO)  Polysulfone (either polyethersulfone or polyarylethersulfone). 
PVDF   Polyvinylidenedifluoride. 
PS (PSO)  Polysulfone (either polyethersulfone or polyarylethersulfone). 
sf sx-= 1   the solids volume fraction in the suspension being filtered 
cc xf -= 1   the solids volume fraction in the cake 
sx    Void fraction of the solid 
cx    Void fraction of the cake 
Q   Volume flow rate (m3/s) 
cR   Resistance of the cake (m
-1) 
cd   Cake thickness (m) 
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CHAPTER 1   INTRODUCTION 
 
1.1 General Background of Microfiltration Study 
Microfiltration (MF) is a membrane process, increasingly used in the separation of 
suspended particles, microorganisms, macromolecules and emulsion droplets, etc. from 
various liquid fluids. MF has also attracted more and more interests in conventional water 
and wastewater treatment (Ripperger, 1989) for the removal of suspended or colloidal 
particles as these particles are in the micron and submicron ranges and are often difficult 
to be reliably removed by the conventional separation methods such as sedimentation, and 
depth filtration.  
 
In particular, the activated sludge process used in most wastewater treatment systems or 
plants is usually limited by the difficulty of separating suspended matter from the effluent 
by settling (Defrance et al., 2000). The settling process also limits the biomass 
concentration in activated sludge process to about 5g/L, which requires large areas of 
settling tanks to be constructed in order to achieve the desired separation of solids. This 
constraint explains the current interest in membrane bioreactors (MBRs) in which the 
settling tank is replaced by a microfiltration membrane unit that permits the extraction of 
a high quality of effluent. The advantages of a MBR system include that higher biomass 
concentration up to 30 g/L (Yamamoto et al., 1989) can be applied to produce higher rates 
of BOD and COD removal (Trouve et al., 1994), beside the production of purified water 
that can be recycled. In addition, the space occupied by the treatment plant using a MBR 
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system is greatly reduced due to the absence of the settling tanks and the use of higher 
biomass concentrations in the system. 
 
Unfortunately, the operational cost of treatment by a MBR system is higher than that of 
the conventional treatment systems due to membrane fouling and the needs of frequent 
replacement of the membrane (Owen et al., 1995). To make the MBR process 
economically competitive, the permeate flux of the membrane must be increased and/or 
maintained. To this end, it is necessary to investigate and understand the mechanisms that 
lead to membrane fouling.  
 
1.2 Objectives of this Research   
In this study, membrane fouling by suspensions with different particle size distributions is 
investigated. The mechanisms of membrane fouling due to particles deposition,  
adsorption are examined in terms of pore blocking and cake formation for microfiltration 
in the dead-end operation mode.  
 
1.3 Scope of the Research 
The first stage of the research investigates the effect of particle size distributions on 
membrane fouling with inorganic particles that are less compressible. A model for the 
pore blocking and cake formation fouling mechanisms is used to examine the individual 
or relative importance of the different fouling mechanism. In the  second stage of the 
research investigation is focused on the incompressible and compressible cake systems 
and their influence on the specific cake resistances in microfiltration and activated sludge 
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wastewater is used to study the membrane fouling mechanisms with particles of different 
size distributions.    
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CHAPTER 2   LITERATURE REVIEW 
 
2.1 Conventional Wastewater Treatment  
Wastewater, such as sewage, must be treated before being released into the environment 
to prevent the spread of disease. Generally, there are two fundamental reasons for treating 
wastewater: to prevent pollution and thereby protect the environment; and, perhaps more 
importantly, protecting public health by safeguarding eater supplies and preventing the 
spread of water-borne diseases (Gray, 1989). Usually sewage is treated in special 
treatment plants that utilize bacteria, fungi and protozoa to decompose the organic matter 
present in wastewater into simpler, less toxic compounds. The decomposition takes place 
in both aerobic and anaerobic environments. The major objectives of most wastewater 
treatment plants have been to decompose the organic pollutants and to destroy pathogens 
present in the wastewater, though recycling wastewater nutrients or producing useful 
products from this waste material is attracting increased interest in wastewater treatment 
in recent years. 
 
Conventional wastewater treatment plants are designed to accomplish their objectives by a 
series of physical, chemical and biological processes. Figure 2.1 shows the schematic 
layout of a typical wastewater treatment plant using the activated sludge process. 
Normally, wastewater undergoes three stages of treatment in a conventional treatment 
plant. The first step of wastewater treatment is preliminary treatment. This process is used 
to screen out, grind up, or separate debris from wastewater to protect the pumping and 
other equipment in the treatment plant. Treatment equipment such as bar screens, 
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comminutors, and grit chambers are used when the wastewater enters a treatment plant. 






To sludge thickening and
Dewatering
Aeration Tank
Sludge Recycle for Seeding






   
Figure 2.1 A schematic layout of a conventional wastewater treatment plant 
employing the activated sludge process. 
 
The second step of wastewater treatment is primary treatment. It separates suspended 
solids and greases from wastewater. Wastewater is settled in a tank for several hours, 
allowing the particles to settle to the bottom and the greases to float to the top. The solids 
are drawn off from the bottom and the floats are skimmed off at the top. The clarified 
wastewater then flows to the next stage of wastewater treatment. Primary clarifiers and 
septic tanks are the units usually used in the primary treatments stage.  
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The third step of wastewater treatment is secondary treatment. It is a biological treatment 
process to remove dissolved organic matter from wastewater. The system usually includes 
an aeration tank followed by a secondary clarifier. Sewage microorganisms are cultivated 
and added to the wastewater, and the microorganisms absorb organic matter from sewage 
as their food supply in the aeration tank. Then, the wastewater is directed to a clarifier 
where the microorganisms are separated from the water. A portion of the settled activated 
sludge from the secondary clarifier is recycled back to the aeration tanks and the other 
will undergo sludge thickening and dewatering before being further disposed by 
incineration, composting or landfill. The final effluent from secondary treatment is 
discharges into natural sinks such as rivers, lakes and estuaries. The effluent may be 
returned to the aeration tanks for further treatment if its quality does not meet legal 
discharge standards. 
 
Advanced treatment may be necessary in some cases to further remove nutrients from 
wastewater. In the treatment process chemicals are sometimes added to help settle out or 
strip out phosphorus or nitrogen. Coagulant addition for phosphorus removal and air 
stripping for ammonia removal are the examples of nutrient removal in these systems. 
 
2.2 Activated Sludge Process 
The activated sludge process is the most widely used biological wastewater treatment 
process for the treatment of both domestic and industrial wastewater. The activated sludge 
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can be defined as a mixture of microorganisms which contact and digest bio-degradable 
materials (food) from wastewater. The microorganisms metabolize and transform the 
organic substances into environmentally acceptable forms. The activated sludge typically 
consists of approximately 95% bacteria and 5% higher organisms (protozoa, rotifers, and 
higher forms of invertebrates). The degradation and removal of organics present in the 
wastewater are achieved by the nutritional activities and inter-species interactions of the 
organisms.  
 
In general, the activated sludge process is operated in a continuous or semicontinuous 
aerobic method for carbonaceous oxidation and, it necessary, also for nitrification. The 
wastewater is aerated to promote the growth of microorganisms which form the activated 
sludge flocs. The flocs are separated in the secondary clarifier. Part of them may be 
discharged and the remainder is returned to the aeration unit. Gravity settling or floatation 
methods are used for the separation of the flocs from treated wastewater. It is obvious that 
the growth of microorganisms plays an important role in the performance of the activated 
sludge process. The process may be monitored using a microscope to determine the 
conditions of the activated sludge, such as identifying the filamentous bacteria that often 
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2.2.1 Floc Sizes and Shapes 
The flocs are developed in the activated sludge process. The floc particles are small and 
spherical at the relatively young sludge age. The reason is that filamentous organisms do 
not develop or elongate at that stage. Therefore, the floc-forming bacteria can only “stick” 
or flocculate each other in order to withstand the shearing action. The presence of long 
filamentous organisms in the process at a later stage results in a change in the size and 
shape of the floc particles in the activated sludge. The floc forming bacteria now 
flocculate along the lengths of the filamentous organisms. These organisms provide 
increased resistance to shearing action and permit a significant increase in the number of 
floc-forming bacteria in the floc particle. The floc particles increase in size to medium and 
large and change from spherical to irregular. 
 
2.2.2 Dispersed Growth 
Dispersed growth refers to the bacteria that are suspended individually in the mixed 
liquor. These bacteria do not flocculate while they are growing. Bacteria can disperse 
rapidly. In a properly operated activated sludge process, dispersed growth should be 
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2.2.3 Slime Bulking 
A nutrient deficiency may occur in industrial or municipal activated sludge processes. The 
nutrients that are usually deficient in these processes are either nitrogen or phosphorus. 
This deficiency results in the production of floc particles that cannot settle at all, a 
condition often called as “bulking sludge” (Günder and Krauth, 1998). The solution to the 
problem usually involves addition of the limiting nutrients, such as ammonia to provide 
nitrogen and phosphoric acid to provide phosphorous.  
 
One of the disadvantages of the activated sludge process is the requirement of large land 
area. Therefore, more cost effective and more reliable methods of wastewater treatment 
have been explored. A potential solution is to use integrate biological wastewater 
treatment system with membrane separation system. 
 
2.3 Membrane Separation  
Membrane technology is widely used to produce various qualities of water from surface 
water, well water, brackish water and seawater. Membrane technology is also used in 
industrial processes and in industrial wastewater treatment. Lately, the application of 
membrane technology has also moved into the area of treating secondary and tertiary 
municipal wastewater and oil field produced water (Mnicolaisen, 2002). Membrane 
separation also becomes economically competitive due to technological advancement in 
membrane materials and fabrications (Mallevialle et al., 1996). Four types of membrane  
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are commonly used in water purification or treatment. The classification of mainly based 
on the types of solute that the membrane can reject. They are including microfiltraion 
(MF), ultrafiltration (UF), nanofiltraion (NF), and reverse osmosis (RO) membranes. 
Table 2.1 shows the typical characteristics of the various types of membranes and some of 
their possible applications. 
 
2.3.1 Reverse Osmosis (RO) 
Reverse Osmosis (RO), also known as hyper filtration, is the finest “filtration”. This 
process can remove very small particles such as ions from a solution. Purification takes 
place when the solution passes through the reverse osmosis membrane, while other ions 
and contaminants are rejected from passing through the membrane. The most common use 
of reverse osmosis has been in water purification in which reverse osmosis membrane 
rejects bacteria, salts, particles, etc. In ion separation with reverse osmosis, dissolved ions, 
such as salts, that carry a charge are more likely to be rejected by a membrane that carry 
the same kind of charge.  
 
2.3.2 Nanofiltration 
Nanofiltration (NF) is a form of filtration that separates ions or particles in nanometer size 
range. It differs from reverse osmosis in terms of the membrane pore size and filtration 
energy requirement. Nanofiltration usually uses a membrane with larger pores and 
requires a lower trans-membrane filtration pressure, in comparison with reverse osmosis.  
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Table 2.1 Characteristics of the various types of membranes and some of their 
applications (Wagner, 2001). 
Comparing Four Membrane Process 
 RO Nanofiltration Ultrafiltration Microfiltration 




150 m m 
1 m m 
150 m m 
1 m m 
150-250 m m 
1 m m 
10-150 m m 
Pore size < 0.002 m m < 0.002 m m 0.02-0.2 m m 0.1-4 m m 
























PSO, PVDF, CA 
Thin film 
Ceramic 















Pressure  15-150 bar 5-35 bar 1-10 bar <2 bar 
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 HMWC High Molecular Weight Component, such as a protein molecule. 
LMWC - Low Molecular Weight Component, such as NaCl. 
CA - Cellulose acetate, most often di- or tri-acetate. 
PS (PSO) - Polysulfone (either polyethersulfone or polyarylethersulfone). 
PVDF – Polyvinylidene difluoride. 
PS (PSO) - Polysulfone (either polyethersulfone or polyarylethersulfone). 
 
2.3.3 Ultrafiltration 
Ultrafiltration (UF) is another form of filtration that uses larger membrane pores and 
requires lower energy consumption than nanofiltration. Ultrafiltration has become an 
increasingly important separation process. It is widely used in product recovery and 
pollution control in various industries to handle effluents, oil emulsions, wastewater, 
colloidal paint suspension and medical therapeutics (Lonsdale, 1982). Ultrafiltration is 
effective in removing particles in submicron size range but cannot be used effectively in 
separating organic substances. 
 
2.3.4 Microfiltraiton 
Microfiltration (MF) is simply based on the concept of size exclusion or sieving. Either a 
bundle of hollow fibers or a sheet of membrane (usually with a nominal pore size of 0.1 
m m or larger) may be selected as the filtration medium (Bai and Leow, 2002b). 
Microfiltraion has increasingly been used in conventional water and wastewater treatment 
for solid- liquid separation. This can be attributed to several factors such as stringent water 
quality regulations that could not be effectively met by conventional treatment processes, 
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freshwater shortage and emphasis on reclaimed wastewater as a resource (Fane, 1996), 
better performance and lower costs of the filtration medium due to technological advances 
(Scott, 1995).  
 
All membrane separation have their own abilities and for different types of separation. 
The main advantages of using membranes for separation are their high selectivity and the 
consistent qualities achieved in permeate. For water and wastewater treatment, MF, UF 
and RO are all used in the process in same ways. Usually, MF is used as a pre-treatment  
process in pore water production (before ultrafiltraion, or reverse osmosis), and also 
increasingly used in conventional water and wastewater treatment to meet the more 
stringent requirement for better water quality in recent years. The reason is that reverse 
osmosis or ultrafiltraion are very sensitive to particle sizes and concentrations as their 
membrane pore size is very small. In contrast, MF is more used in conventional water and 
wastewater treatment for solid- liquid separation. As microfiltraion is the focus of this 
study, the discussion description hereafter will be directed to microfiltraion only, unless 
otherwise is indicated. 
 
2.4 Operation Modes of Microfiltration 
Microfiltration is often conducted in two types of operation modes. One is in crossflow 
mode, with a fluid stream flowing parallel to the membrane surface. There is a pressure 
difference across the membrane. This causes some of the fluid to pass through the 
membrane, while the remainder continues to flow tangentially along the medium surface.  
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The other mode of microfiltraion is the dead-end filtration or perpendicular filtration. In 
dead-end filtration, feed suspension flows perpendicularly toward the membrane surface. 
Essentially, all the suspended particles larger than the pore size of the medium are 
retained by the medium (Bai and Leow, 2001). In dead-end filtration, the retained 
particles build up with time and form a cake layer on the membrane filter medium surface. 
In cross-flow filtration, particles deposited on the membrane surface can be washed away 
by the crossflow, which limits the cake formed on the membrane to a relatively thin layer. 
Figure 2 shows the concept of crowwflow and dead-end filtration modes.  
 
Figure 2.2 Schematics of dead-end filtration and crossflow filtration (Davis, 1992).     
         
(a) Dead-end Filtration                                       (b) Crossflow Filtraion 
 
2.5 Types of Membrane  
Flat plate (Plate-and-frame), spiral wound, tubular and hollow fiber are the common 
configurations of microfiltraion membranes.  
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Flat Plate 
The flat plate is generally used in series of sandwiched between spacers that act as flow 
channels. Advantages include the ability to accommodate the change in the levels of 
suspended solids, and the ability to change membranes if needed. Low packing density 
and difficulty to disassemble for cleaning are its disadvantages.  
 
Spiral Wound 
Spiral-Wound modules consist of a porous, woven permeate carrier or spacer between two 
layers of membranes. A feed channel is layered over the sandwich and the whole is 
wrapped around the central tube. Feed materials flow the length of the tube. Permeate 
crossing the membrane flows along the spiral to the module’s center and is carried away 
in the central tube. High packing density and relatively low cost are it’s advantageous. 
However, it has difficulty in handling suspended solids and in cleaning.  
 
Tubular 
Tubular modules consist of a set of parallel tubes, all penetrating a circular plate at either 
end of a tube bundle housed inside a larger shell, or shroud. Feed material is pumped 
through the tubes in a cross-flow manner. Permeate is collected in the shroud while the 
retentate passes out the other end of the tubers. Tubular module is relatively easy to 
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handle suspended solid to be cleaned. However, high capital cost and low packing density 
are the major problems in using this type of membrane.  
 
Hollow Fiber 
Hollow-fiber membranes consist of hollow, hair- like fibers bundled together into either a 
U-shape or straight-through configuration. Tube bundles are inside a pressure vessel and 
feed material flows either from inside to the outside or from outside to inside. Very high 
packing density is its main advantage. Disadvantages include the fragility of the fibers, 
difficult for cleaning, and possibility of replacement for the entire module with one fiber 
damaged. 
 
2.6 Membrane Fouling 
Membrane fouling can be a major problem in microfiltraion, a process used for a wide 
range of separation in biotechnology, food, beverage, and other industries (Güell and 
Davis, 1996). Fouling leads to permeate flux decline, making frequent membrane 
replacement and cleaning necessary and thus increasing maintenance and operation cost 
(Judd and Till, 2000). Membrane fouling refers to the attachment of material within the 
internal pore structure of the membrane or directly to the membrane surface due to 
adsorption, precipitation, particulate adhesion, etc. The main forms of membrane fouling 
can be divided into external surface fouling and pore blocking fouling (Knyazkova et al., 
1999). External surface fouling is the formation of a stagnant layer on the membrane 
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surface due to concentration-polarization or cake formation on the membrane surface 
(Davis, 1992). Pore blocking may be further classified into three types: complete pore 
blocking, intermediate pore blocking and standard pore blocking (Hermia, 1982). 
 
2.6.1 Complete Pore Blocking 
If a particle arriving to the membrane participates in blocking a pore or several pores 
completely with no superposition of particles, the phenomenon is called complete pore 
blocking.  
The model for complete pore blocking is given as: (Bowen et al., 1995) 
QQVK ob -=          (2.1) 
Where oQ  = Initial flow rate (m
3/s)  
            Q   = Flow rate (m3 /s) 
 V  = Filtrate volume (ml)   
bK = a constant for complete pore blocking.  
 
2.6.2 Intermediate Pore Blocking 
A particle can settle on other particles previously arrived and already blocked some of the 
pores or it can directly block some of the membrane area. This is called as intermediate 
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pore blocking. The model for intermediate pore blocking phenomenon is often given as: 





-=           (2.2) 
iK  = a constant for intermediate blocking 
t    = Filtration time (s) 
oQ  = Initial flow rate (m
3/s)  
Q   = Flow rate (m3 /s) 
 
2.6.3 Standard Pore Blocking 
It is possible that a particle arriving to the membrane deposits onto the internal pore walls, 
leading to a decrease in the pore volume. This is called ‘standard pore blocking’ 





-=           (2.3) 
where sK  =  a constant for standard blocking model 
           V   = Filtrate volume (ml) 
 t    = Filtration time (s) 
 Q   = Flow rate (m3 /s) 
Chapter 2                                                                                                    Literature Review 
 19 
2.6.4 Cake Formation 
Particle moving toward the membrane deposit on other particles that has already arrived 
and blocked some of the pores. There is no room for these particles directly obstruct the  
membrane area. In such a way, a cake is formed on the membrane surface. A model for 






-=          (2.4) 
where cK  = a constant for cake filtration 
 V   = Filtrate volume (ml) 
 Q   = Flow rate (m3 /s) 
 
2.7 Membrane Fouling Resistance 
When a membrane fouls, there is a resistance from pore blocking and/ or cake formation. 
Particularly, when a suspension contains particles that are too large to enter the membrane 
pores, then a sieving mechanism is dominant and a cake layer of rejected particles forms 
on the membrane surface. The cake layer generates a resistance to microfiltration, 
resulting in a reduction of the permeate flux with time (Lee et al., 1998). The cake 
resistance is often considered to be directly proportional to the mass of the dry solids 
deposited per unit area of the membrane, and is given as (Wakeman et al., 1990). 
ccc kR d=                                                                                                   (2.5) 
where   R c = Resistance of the cake (m-1) 
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             k c = Specific cake resistance (m-2) 
 cd = Cake thickness (m)       
The specific cake resistance, ck , is used to characterize the hydrodynamic resistance of the 
cake during the filtration of particulate suspensions (Keskinler et al., 2002). If the values 
of permeability and porosity of the cake change as the pressure difference across the 
membrane increases, the cake is termed as “compressible”, and , on the other hand, if the 
parameters remain constant, the cake is termed as “incompressible” (Iinoya K, 1987). 
Many cake materials, such as flocculated clays and microbial cells, are highly 
compressible. The effect of pressure on filter cake properties has been studied by the 
compression permeability method, and many types of empirical equations have been 
proposed to describe the variation of ck  with pressures (Endo et al., 2001). The simplest 
form of these equations is: 
n
cc pkk o )(D=           (2.6) 
where 
oc
k  is compressibility coefficient and n is a constant obtained empirically called as 
a compressibility factor. The value of n ranges from zero for incompressible system to 
close to 1.0 for highly compressible system (Benitez et al., 1995). 
  
2.8 Microfiltration with Constant Pressure Drop 
Darcy’s law is often used to relate the pressure drop across the membrane and the 
permeate flux as below. 







=          (2.7) 
where J = Volumetric flux (m/s)  
          PD = Pressure drop (Pa)  
          m = Viscosity (g/cm.s) 
          mR = Membrane resistance (m
-1) 
           ck = Specific cake resistance (m
-2) 
          cd = Cake thickness (m)  














æ +          (2.8) 
where sf sx-= 1 is the solids volume fraction in the suspension being filtered 
                  (dimensionless) 
 cc xf -= 1 is the solids volume fraction in the cake (dimensionless) 
             sx = Void fraction of the solid (dimensionless) 
             cx = Void fraction of the cake (dimensionless) 
Introducing equation (2.7) into equation (2.8), one has 
















=       (2.9) 
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        (2.10) 
where R m is the membrane resistance and has been assumed as a constant. 






































d       (2.11) 
The total permeate volume produced after a time t may be determined by combining 
equation (2.7), (2.9) and (2.11) as: 







































f      (2.12) 





























       (2.13) 
Equation (2.13) indicates that a plot of (A/V) t versus (V/A) would generate a straight 
line. The slope of the straight line gives access to estimate the specific resistance kc.  
 
Alternatively, the cake thickness cd  may be derived from the mass balance of particles in 
the system as: (Bai & Leow, 2002b) 














=        (2.14) 
















      (2.15) 
where 
IC = Particle concentration of the bulk or feed suspension (mg/L) 
PC = Solid concentration in the permeation product (mg/L) 
CC = Particle concentration in the cake (mg/L) 
 
The specific cake resistance ck may be estimated using the Carman-Kozeny’s equation for 












k          (2.16) 
where  
e  = Porosity of the cake or the void of the cake (dimensionless)  
 pd = Particle diameter (m) 
The void fraction of a randomly packed cake is often approximately given as 0.4 (Davis et 
al., 1992). 
For polydispersed particles, dp can be replaced by de (equivalent particle diameter), 






1                      (2.17) 
where pi is the volume percentage of partic le dpi in the polydispersed particles.   
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For a given application of dead-end microfiltration, the cake thickness cd  and permeation 
flux J at any time can be predicted from Eq. (2.7) and Eq. (2.15), with kc being the only 
adjustable parameter that can be determined by best fitting the prediction with the 
experimental results. The initial value of ck  can be estimated from Eq. (2.16) and then a 
simple spreadsheet program would do the optimization to find the value of kc for a 
particular type of suspension microfiltration.  
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CHAPTER 3   EXPERIMENTAL DETAILS 
 
3.1 Micorfiltration System 
Microfiltration was conducted with DI water and various types of suspensions. A 
schematic flow diagram of the filtration system is shown in Figure (3.1). The system 
included a suspension tank equipped with an overhead stirrer with variable speed control, 
peristaltic pump, membrane unit and permeate collector, vacuum pump, weighing balance 
with data acquisition software.  
 
The overhead feed tank was placed at a level higher than the peristaltic pump to reduce 
possible particle accumulation along the tube. The feed solution was stirred by a mixer to 
disperse the suspended particles uniformly. The peristaltic pump was used to pump the 
feed suspension at a constant flow rate to the membrane housing. Permeate through the 
microfiltration membrane was collected in the permeate collector. The permeate collector 
was airtight to maintain a constant suction pressure during filtration. It was placed on a 
weighing balance which measured the weight of the collected permeate continuously. The 
weight readings on the weighing balance were captured by the data acquisition software 
and sent to the computer. After the filtration operation, membrane with deposited cake 
was removed from the membrane housing and then solidified in the liquid nitrogen to 
observe the cake morphology under SEM. A new membrane was used in each experiment.  
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The membrane housing, shown in Figure (3.2), consists of a top part and a bottom part. 
The top part has inlet and overflow lines. The overflow line is necessary to maintain the 
water level and prevent spillage when the permeate flux through the membrane decreased 
as a result of membrane fouling. 
 
The bottom part consisted of a perforated plate to support the membrane, and an outlet 
line for the permeate to be directed to the permeate collector.  
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The flat sheet membranes were obtained from Millipore Pte. Ltd. The membrane was 
fabricated from mixed Cellulose ester and had a nominal pore size of 0.1 m m or from 
nitrocellulose and had a nominal pore size of 0.22 m m. Thicknesses of both membranes 
were 0.0833 mm. The effective diameter of the membrane for filtration was 0.04 m and 
the total surface area of each of membrane was 0.001256 m2. Both types of membranes 
were hydrophilic. 
 
3.2 Deionised Water Filtration 
Deionised water filtration was conducted with the membrane (nominal pore size 0.1 m m 
and 0.22 m m) to estimate the membrane resistance. The suction pressures tested were 
from 13.33 to 79.99 kPa. The permeate fluxes from deionised water filtration were also 
used as the reference in the model calculation and as the initial permeate flux (at t=0) in 
subsequent suspension filtration study.       
 
3.3 Polydispersed Suspension Microfiltration 
3.3.1 Types of Particles and their Size Distributions  
The polydispersed suspensions used in the experiments were prepared by mixing a known 
weight of silica powder from Sino Surplus International Ltd., nominal size range: 0.3-2 
m m as Type 1, and nominal size: 1-5 m m as Type 2 or coarse test dust from Powder 
Technology Incorporated, nominal size: 5-10 m m as Type 3 and nominal size range: 10-
20 m m as Type 4 or kaolin particles in a known volume of deionised water. 
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Chemical composition of the silica powder is specified as SiO2>99.9% and Fe<100ppm. 
The chemical compositions of the coarse test dusts are given as in Table (3.1).   
 
Table 3.1 Composition of the coarse test dust used in the study 
Constituent of ISO % of weight 
Silicon dioxide (SiO 2) 
Aluminium Oxide (Al2O3) 
Ferric Oxide (Fe2O3) 
Sodium Oxide (Na2O) 
Calcium Oxide (CaO) 
Magnesium Oxide (MgO) 
Potassium Oxide (K2O) 











3.3.2 Microfiltration of Polydispersed Suspensions with Different Size Distributions  
Four types of polydispersed suspensions were used in the microfiltration study. The 
suspensions were prepared by each of the Type 1 to Type 4 particles to obtain suspensions 
of different particle size distributions. The study was conducted at the same feed 
concentration (50 mg/L) and suction pressure (53.33 kPa) to examine the effects of 
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3.3.3 Effect of Polydispersed Suspension Concentrations on Microfiltration 
Concentration effects were investigated with Type 2, Type 3 and Type 4 particles. The 
experimental conditions are given in Table 3.2. 
 
Table 3.2 Experimental conditions to investigate the effect of concentrations  




50  Type 2 
500  
53.33  
50  Type 3 
500  
53.33  





3.3.4 Effect of Suction Pressures on Polydispersed Suspension Microfiltration 
Pressure effects were studied with Type 2, Type 3 and Type 4 particles. For each type of 
suspensions, three suction pressures were used. The experimental cond itions are given in 
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Table 3.3. Experimental conditions for the study of suction pressures on 
microfiltration 


















3.4 Microfiltration with Settled, Suspension and the Supernatant  
A suspension of 50 mg/L was prepared by mixing the 1-5 m m (Type 2) particles with DI 
water. The volume of the suspension was 5 L and the suspension was stirred for 10 min to 
obtain the uniform particle distribution. Then, the suspension was allowed to settle for 1 
hr to differentiate the small and large particles. After 1 hr settling, three liters at the top of 
the suspension was decanted as the supernatant and the rest two liters were collected as 
the settled suspension. In this way, the settled suspension would contain mostly the large 
particles, and the supernatant layer contained almost only the small particles. Although 
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the supernatant and the settled suspension had different concentrations, the total amount 
of particles in the supernatant and the settled suspension remained the same as that before 
the settling. For comparison purpose, the completely mixed suspension without the 
settling was also used in the microfiltration study. 
  
3.5 Effect of Small Particles Followed by Large Particles or Large Particles Followed 
by Small Particles on Microfiltration with Cake Formation 
The suspensions in this part of study were prepared with kaolin particles and DI water. 
Kaolin particles were used because they had a large range of particle size distribution and 
the particles were significantly larger than the membrane pore size. The pressure and 
concentration in the study were kept as constant as 53.33 kPa and 57 mg/L respectively. 
Similar as mentioned before, the suspension was first stirred for 10 minutes and then 
settled for ½ hr. Most liquid on the top of the tank was decanted as the supernatant and the 
rest was collected as the settled suspension. Particle concentration in the settled 
suspension was determined by drying a certain amount of the suspension in an oven at 
100 °C until the constant dry weight was obtained. Concentration of the supernatant was 
then calculated from material balance of the initial suspension and the settled suspension. 
To observe the effect of small particles followed by large particles or large particles 
followed by small particles, filtration was carried out by using supernatant followed by 
settled suspension or vice versa. Filtration for the supernatant and the settled suspension 
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3.6 Activated Sludge Wastewater Microfiltration 
Raw activated sludge was collected from Jurong Water Reclamation Plant to start-up the 
activated sludge bioreactor. 10 L of the raw activated sludge was diluted with 10 L of DI 
water to make up 20 L content in the bioreactor. The stirring rate was maintained at 500 
rpm (± 10 rpm) to ensure thorough mixing to the bioreactor. The mixed liquor suspended 
solids (MLSS) in the bioreactor was controlled at about 2500 mg/L by discharging excess 
sludge when necessary. Dissolved Oxygen (DO) in the bioreactor was maintained at 7-8 
mg/L by adjusting the aeration airflow rate. The sludge age was 20 days and hydraulic 
retention time was 24 hours. The pH was maintained at 6.5-7.5. Artificial sewage was 
composed with 48.6 g/L of glucose (C6H12O6), 6.5 g/L of potassium phosphate (K3PO4), 
and 8.8 g/L of ammonium sulphate ((NH4)2SO4. C: N: P ratio of stock is 100:5:1 
(Eckenfelder and Musternam, 1995). Chemical Oxygen demand (COD) and biochemical 
oxygen demand (BOD5) of the artificial sewage was 700 mg/L and 280 mg/L, 
respectively. Food to microorganism ratio (F/M) of the bioreactor was maintained at 
0.155 mg/mg.d. 
  
3.6.1 Microscopic Examination of the Activated Sludge  
Activated sludge in the bioreactor was observed through an Olympus metallurgical 
microscope equipped with a Sony single CCD camera connected to a computer installed 
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3.6.2 Microfiltration of Activated Sludge Wastewater   
Microfiltration of the activated sludge wastewater was conducted with the membrane of 
nominal pore sizes of 0.1 m m and 0.22 m m. Different suction pressures (33.33, 53.33 
and 66.66 kPa) were used and each experiment lasted for 1 hr.  
 
3.6.3 Membrane Fouling with Activated Sludge Wastewater 
To observe the effect of size distribution on membrane fouling, all the experiments were 
conducted with supernatant, settled suspension or the mixed suspension without the 
settling. Parameters such as MLSS, DO, pH and COD were first measured before 
conducting the experiments. These parameters were maintained to get the same condition 
in all experiments. Experiments were conducted for supernatant and settled suspension 
with 1 hr or 2 hr settling times to observe the differences in membrane fouling. In the 
study or future discussion, the following definitions will be used to refer to the different 
types of suspensions:  
 
Suspension A 
Suspension A was the supernatant. All the supernatant was collected from the activated 
sludge bioreactor after 1 hr of settling. Concentration of the supernatant was about 25 
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Suspension B 
Suspension B was the settled part. Settled suspension contained most of the settleable 




Suspension C was the completely mixed activated sludge. It contained all the colloidal, 
soluble and settleable fractions. This mixed suspension was diluted with DI water and to 
obtain a concentration of about 150 mg/L.  
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CHAPTER 4   RESULTS AND DISCUSSION 
 
4.1 Deionised Water Filtration 
Filtration of deionised water under various suction pressures was conducted for both 0.1 
and 0.22 m m membranes, in order to determine their initial permeate fluxes and  
membrane resistances. Initial permeate fluxes and membrane resistances are usually 
needed in the model calculation. Permeate flux data of deionised water filtration for 0.1 
m m membrane are given in Fig. (4.1) and Table (4.1), and those for 0.2 m m membrane 
are given in Fig (4.2) and Table (4.2). 





















13.33 kPa 26.66 kPa 39.99 kPa



























5 173.8854 346.8153 516.8153 709.8726 881.6561 1050.955 
10 174.61189 347.7765 514.7936 702.7574 880.5521 1049.1228 
15 172.11845 345.8997 515.33187 705.9951 857.6561 1045.3448 
20 171.49921 348.2391 512.8377 704.5496 861.9821 1048.8228 
25 173.29957 344.3774 509.9117 709.8726 889.5886 1049.8662 
 
























Figure 4.2 Deionised water filtration with 0.22 m m membrane at various suction 
pressures (T:21°C). 
 
As can be found from these figures and tables, the permeate fluxes measured under each 
suction pressure were relatively constant versus filtration time for both 0.1 m m and 0.22 
m m membranes. This indicates that the deionised water used in the study was quite clean 
and free of particles. The filtration performed at higher suction pressures was found to 
generate higher permeation fluxes for both membranes. 
 














5 6277.07 8656.051 10561.1544 
10 6249.266 8626.7119 10557.7769 
15 6281.699 8649.5117 10519.2886 
20 6270.1184 8658.2336 10568.4571 
25 6255.3644 8650.069 10560.8332 
 
Table 4.2 Permeate Flux Data of Deionised Water Filtration with 0.22 m m 
membrane (T:21°C). 
 
In addition, the permeate fluxes for the 0.22 m m membrane were significantly higher 
than those for the 0.1 m m membrane. The reason is that larger pores have lower 
resistance and therefore resulted in higher permeation fluxes. The relationship between 
the membrane resistance and the permeate flux can be obtained from Eq. (2.7) as:     
(Rm0.1) = ( )1.0J
P
m
D                                                                      (4.1) 
or 
(Rm0.22) = ( )22.0J
P
m
D                                                                                 (4.2) 
where Rm0.1 and Rm0.2 are the membrane resistances for the 0.1 and 0.2 m m pore 
membranes, respectively. J0.1 and J0.2 are the permeate fluxes for the 0.1 and 0.2 m m 
membrane and D P is the suction pressure applied to the membrane.  
     
The membrane resistances for each membrane operated under various suction pressures 
are shown in Fig (4.3) and their corresponding values are given in Table (4.3).    




















Figure 4.3 Membrane resistances de termined from deionised water filtration for the 





0.1 m m 
 
0.22 m m 
 
 39.99 kPa 2.7856E+11 2.293E+10 
53.33 kPa 2.70454E+11 2.218E+10 
66.66 kPa 2.72188E+11 2.272E+10 
 
Table 4.3 Membrane resistance data for 0.1 and 0.22 m m membranes (T:21°C). 
 
The data clearly show that the membrane with a smaller pore size had a greater resistance 
than the membrane with a larger pore size. This can also be explained with Equation (4.3) 
where the membrane resistance (Rm) is shown to be directly proportional to the membrane 
thickness ( md ) and inversely proportional to the membrane pore radius (rp) and the 









=                (4.3) 
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4.2 Polydispersed Suspension Filtration  
4.2.1 Effect of Particle Size Distributions on Microfiltration Performance  
The effect of polydispersed suspensions with different particle size distributions on the 
permeate flux and membrane fouling was first investigated. Figure 4.4 shows the volume 
percentage distributions of the four different types of polydispersed suspensions with 
particles in the nominal size ranges of 0.5-3 m m (Type 1), 1-5 m m (Type 2), 5-10 m m 
(Type 3) and 10-20 m m (Type 4). The influent concentration and filtration suction 
pressure of these experiments were fixed at 50 mg/L and 53.33 kPa, respectively. The 

























Figure 4.4 Volume percentage distributions of the particles in the four types of 
polydispersed suspensions  
 
From Figure (4.5) shows the changes of the permeate fluxes versus time for the 
microfiltration of the four types of polydispersed suspensions. The permeation flux at t=0 
(i.e., the starting permeation flux) was determined from clean deionised water filtration 
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before the system was switched to suspension filtration. The starting permeation flux is an 
indication of the performance of a membrane free of particle deposition (Bai and Leow, 
2001). The decline of permeate flux at the initial stage was an indication of particles 
deposition directly onto the membrane surface, which blocked the pores of the membrane 
and increased the resistance of water to flow through the membrane. It may be expected 
that the suspension of the smallest size range (i.e., 0.5-3 m m) should have the lowest 
permeate flux because deposition of particles with a mean size close to that of the 
membrane pore size could cause more serious fouling problem (Kwon and Vigneswaran, 
1998). From Figure 4.5, however, the permeate flux for the suspension of a nominal 
particle size range of 5-10 m m had the lowest permeate flux than the others. This was 
found to be due to the larger amount of small particles contained in that type of the 
suspension, see Fig 4.6.  
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Figure 4.5 Permeate fluxes versus time for microfiltration of the four types of 
suspensions (c: 50 mg/L; P: 53.33 kPa, T: 21°C).  




























Figure 4.6 Number percentages versus particle diameter for the four types of 
suspensions  
 
As can be observed in Figure 4.6, Type 3 suspension with a nominal size distribution of 5-
10 m m was in fact contained many particles of size around 0.1 m m, although these small 
particles did not contribute to a significant volume percentage (see Fig. 4.4) due to their 
small sizes. Therefore, membrane pores appeared to be more seriously blocked with small 
particles of size around 0.1 m m. At the initial stage of microfiltration, particles were 
transported to the membrane surface, and had direct contact with the membrane pores. 
Particles of a similar size as the membrane pores can result in a complete block of the 
pores. Thus, hydraulic resistance to permeate flow through the membrane was 
significantly increased and as a consequence, significant reduction in the permeate fluxes 
in the initial stage of filtration was observed.  
 
Nevertheless, the nature of powder materials and different composition may also affect 
the rates of decline of permeation flux.    
 
Chapter 4  Results and Discussion   
 43 
4.2.2 Effect of Influent Suspended Solid Concentration 
The performance of the 0.1 m m membrane was investigated at two different influent 
concentrations, i.e. 50 mg/L and 500 mg/L, for three different types of suspensions with 
the nominal particle size distribution of 1-5 (Type 2), 5-10 (Type 3) and 10-20 m m (Type 
4) respectively. Many studies have observed the effect of influent concentrations on 
membrane performance and proved the faster decline in permeate flux with increased feed 
particle concentrations (Hong et al., 1997). However, particle size distributions may play 
a more dominant role than particle concentrations.         
 
The experimental results are shown in Fig 4.7. It is observed that, in general, permeate 
flux at a higher feed concentration declined faster than that at a lower feed concentration, 
and the filtration at a lower feed concentration took a longer time to reach steady state. 
This is due to the fact that at higher feed particle concentrations, more particles were 
transferred to the membrane surface, enhanced the accumulation of particles on the 
surface to form a cake layer which increased the hydraulic resistance and hence reduced 
the permeate flux. It is interesting to note that the effect of influent concentrations on the 
permeate fluxes was more sensitive to the Type 2 suspension. This may be due to the 
nature of powder materials and different composition of Type 2 suspension which caused 
the faster settling rate to the particles when the concentration was higher.   
 
   
  






















































































Figure 4.7 Time dependence of permeate flux for (a) 1-5 m m (b) 5-10 m m and (c) 
10-20 m m particle suspensions under two different influent concentrations  
(c: 50 and 500 mg/L, P: 53.33 kPa, T: 21°C). 
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4.2.3 Effect of Suction Pressures on Membrane Performance   
Microfiltration with the 0.1 m m membrane was also investigated under three different 
suction pressures, i.e. 26.66, 53.33 and 79.99 kPa for the three types of suspension with a 
nominal particle size distribution of 1-5 (Type 2), 5-10 (Type 3) and 10-20 m m (Type 4), 
respectively. The influent concentration in these experiments was fixed at 50 mg/L. These 
experiments were conducted to observe the steady state for the permeate flux at different  
pressures.  
 
From Fig 4.8, it can be seen that a higher pressure always results in a higher permeate flux 
before the limiting flux is reached. Therefore, permeate flux before steady state is pressure 
dependent. The reason is that the higher permeate flux at a higher pressure brings more 
colloids onto the membrane surface in a given time period and consequently results in a 
faster growth of the cake layer. However, a higher pressure did not seem to always lead to 
an increased permeate flux at the steady state. A longer time was also needed to reach the 
steady state permeate flux at a higher applied filtration pressure. 
 
(Zhang et al., 2000) stated that membrane fouling by large particles suspension is more 
severe than that by small particles suspension. From this study, it was observed that the 
initial flux decline rate was greater for small particles suspension (see Fig 4.8 at 79.99 
kPa), the permeate flux declines over a much longer period and has a lower steady-state 
value for large particles suspension (e.g., Type 4).   
  
 


















































































Figure 4.8 Permeate flux versus time for microfiltration under different suction 
pressures (c: 50 mg/L, T: 21°C, Type 2 – 1-5 m m particles, Type 3 – 5-10 m m 
particles, Type 4 – 10-20 m m particles)  
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 4.3 Cake Fouling Model Fitting to Experimental Permeate Results 
Membrane fouling has been a term generally used to refer to the phenomenon of 
permeation flux declining with time. Flux decline is a result of the increase of membrane 
resistance to the permeating flow, resulting from particle deposition which often results in 
the formation of a layer of cake on the surface.  
 
Cake formation is often considered to be the most important factor affecting the 
permeation flux of MF. When cake formation is the dominant mechanism of membrane 








         (4.4) 
where R c (m-1) is the resistance due to cake formation. As discussed in Chapter 2, a given 
application of dead-end microfiltration, the cake thickness cd  may be predicted from Eq. 
(2.15) and kc being the only adjustable parameter that can be determined by best fitting 
the prediction with the experimental results. The initial value of kc can be estimated from 
Eq (2.16) and then a simple spreadsheet program would do the optimization to find the 
value of kc for a particular type of suspension microfiltration. Equations (2.5), (2.15) and 
(2.16) were used to calculate the R c values and which are then used in Eq. (4.4) for the 
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ccc kR d=           (2.5) 
















































    (4.5) 
 The accumulated volume of permeates are calculated from QdtV ò=  or ii tQV D= å and 
used to fit with the experimental results. Figure 4.9 shows the calculated results and the 
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model
 
Figure 4.9 Accumulative permeate volume for different polydispersed suspensions: 
model results versus experimental results (c: 50 mg/L, P: 53.33 kPa, Membrane 
filtration area: 12.56 cm2) 
E : experimental results 
The results therefore illustrate that the microfiltration was indeed dominated by cake 
formation mechanism in the study. 
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As indicated by Eq. 4.4, the reduction of the permeation flow Q during a constant pressure 
( PD ) filtration is attributed to the increase of the cake resistance Rc. Rc is dependent upon 
both the cake thickness cd  and the specific cake resistance kc. By fitting the theoretical 
model of Eq. 4.4 to the experimental results, kc can be determined to be 1.32E+14 for 
Type 1, 5.36E+13 for Type 2, 2.12E+14 for Type 3 and 1.31E+14 for Type 4 suspensions. 
These values clearly indicate that finer particles created higher hydraulic resistances in 
microfiltraion. Other parameter values are given in Table 4.4. 
 
Table (4.4) Parameter values in the model fitting study in Fig. 4.9 
(Rm= 2.7E+11 m-1) 
Suspension type Type 1 Type 2 Type 3 Type 4 
Influent concentration 
(mg/L) 
50  50 50 50 
Equivalent particle 
diameter ( m m),  
see Eq. (2.17) 
2.77 4.34 2.18 2.78 
Concentration of cake 
(mg/L) 
60000 60000 60000 60000 
Specific cake resistance 
(1/m2) 
1.32E+14 5.36E+13 2.12E+14 1.31E+14 
 
Table (4.4) shows that Type 2 suspensions had a larger equivalent diameter than the other 
three types. According to Eq. (2.16), equivalent particle diameter depended upon the 
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specific cake resistance as the specific cake resistance was only the adjustable parameter. 
These equivalent particle diameters shown in Table (4.4) were calculated results to obtain 
the best fitting with the experimental results. Equivalent particle diameter for Type (2) 
had a much larger equivalent diameter and this can be acceptable because volume percent 
and number percent of Type (2) was approximately the same, see Fig (4.4) and (4.6), and 
this equivalent particle diameter was the maximum number in the range of 1-5 m m. 
 
Another important finding is that the specific resistance can be treated as a constant in the 
theoretical modeling for each type of suspension microfiltration. This is supported by the 
good matches between the modeling results and the experimental results as shown in Fig 
(4.9) where a constant kc value has been used in the modeling of each set of experimental 
data. Although particles in the cake may undergo compaction because of a slow release of 
the trapped water, the drag forces of the permeation flux would reduce due to reduced 
permeate flow rate. These two actions may counterbalance each other and the cake 
formed may thus retain a relatively stable cake specific resistance. 
 
Figure 4.10 shows the calculated cake resistance versus filtration time for the different 
types of polydispersed suspensions. It clearly illustrates that finer particle suspension (in 
terms of equivalent particle size distributions, see Table 4.4) causes severer membrane 
fouling and a higher cake resistance, i.e., Type 3 in Fig. 4.10.  
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Figure 4.10 Cake resistances versus time for the microfiltraion of the different types 
of suspension. 
 
4.4 Effect of Small Particles on Membrane Fouling 
The effect of small particles on microfiltration was studied with different influent 
concentrations. The suspension with 1-5 m m nominal particle size distribution were 
prepared and settled for 1hr to separate the suspension into the supernatant and the settle 
portions. Supernatant was decanted for 3 liters out of the 5 liter total volume of the 
suspension. Thus, 2 liters out of the 5 liters was collected as the settled portion. The 
supernatant, the settle portion, and the initial prepared suspension without settling was 
named as Type A, Type B and Type C and were used in the microfiltration study, 
respectively.    
 
Figure (4.11) shows the experimental results. It is observed that the settled portion (Type 
B) had the lowest permeate flux, possibly due to its higher concentration. Therefore, a 
higher concentration resulted in lower permeate fluxes due to greater particle transfer rate 
to the cake layer. 
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Figure 4.11 Permeate flux versus time for supernatant (Type A), settled portion 
(Type B) and the original suspension (Type C) (c : 21 mg/L for supernatant, 59 mg/L 
for settle layer, 50 mg/L for suspension, P: 53.33 kPa, T: 21°C) 
 
However, Type C suspension had higher particle concentration than the supernatant (Type 
A) but it had higher permeate flux than Type A. This suggests that particle size 
distribution affected the membrane fouling resistance. 
 
Figure (4.12) shows the particle size distribution of Type A, Type B and Type C 
suspensions. Particle size range of Type A was small. Particle sizes contained in Type C 
were larger than Type A. Type B contained most of the settable particles and particle sizes 
distribution was also large. 
 
Therefore, small particles in Type A caused greater resistance than Type C and permeate 
flux was also lowered even the concentration of Type C is higher than Type A. Equation 
4.4 and 4.5 were used to determine the cake formation resistance of Type A, Type B and 
Type C. 
















































































Figure 4.12 Particle size distributions in Type A, Type B and Type C suspensions. 
 
Figure (4.13) shows the cake resistances of Type A, Type B and Type C. In all these 
cases, the resistance of Type A and Type B were very close to each other. The reason is 
that Type B had higher concentration and larger particles plus some small particles. 
(Madaeni et al., 2001) studied the filtration with small particles, large particles and 
mixture of small and large particles and found that fouling was surprisingly serious in 
microfiltration of the feeds containing mixed particles and this caused more resistance and 
more flux decline. Therefore, Type B had greater cake resistances. (Chang et al., 1996) 
also stated that the flux decreased with the increase in particle sizes ranges in the 
suspension for polydispersed suspension.   
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In Figure (4.13) the cake resistance for Type A was also high because Type A contained 
mainly small particles and the small particles caused great resistance. This was observed 
in the previous section. Type C had lower cake resistance than Type B because particle 
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Figure 4.13 Cake resistances for microfiltration of Type A, Type B and Type C 
suspensions. 
 
Hence, it can be concluded that particle size distribution range affected cake resistance. In 
general, higher concentration results in lower permeate flux. However, smaller particles 
and larger particle distribution range could also cause higher cake resistances than greater 
concentration.     
 
4.5 The Effect of Filtering Small Particle Suspension before Large Particle 
Suspension and Large Particle Suspension before  Small Particle Suspension 
The experiments were carried out by filtering the small particle suspension (Type A) 
followed by the large particles suspension (Type B) and vice versa to investigate the 
effect on permeate flux and cake formation. In this set of experiments, only cake 
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resistance and cake morphology by SEM were observed. The concentrations of all the 
suspensions were prepared to be the same (co : 57 mg/L). 
 For convenience of presentation, the filtrations of supernatant (Type A) followed by 
settled portion (Type B) is referred as Series 1 and filtration of settled portion followed by 
supernatant is noted as Series 2 and filtration of the unsettled original suspension (Type 
C) is named as Series 3. 
 
For series 1 filtration, supernatant (Type A) was filtered for 1.5 hrs followed by settled 
suspension (Type B) for another 1.5 hrs, and for Series 2 filtration, Type B was first 
filtered for 1.5 hr, and then Type A for another 1.5 hrs. The experimental results are given 
in Fig 4.14.     
 
It is found that Series 1 had the lowest permeate fluxes than the other two Series. In Series 
1, permeate fluxes declined rapidly during the filtration of the supernatant and reached the 
steady state permeate flux. After that, further filtration of the settled suspension (Type B) 
did not cause noticeable change of the permeate fluxes. Series 2 had the highest permeate 
fluxes since the settled portion contained mainly large particles which formed the loosely 
packed cake layer, and permeate fluxes only slightly declined with filtration time. Further 
filtration of the supernatant however caused more significant reduction of the permeate 
fluxes, due to small particles either entering the pores of the large particles previously 
retained or forming a new cake layer, both of which resulted in more dense cakes. For 
Series 3, the permeate fluxes appear to be between those of Series 1 and Series 2. The 
particle size distribut ions for the three types of suspensions are shown in Fig (4.15). 
  



























Figure 4.14 Permeate flux versus time for Series 1, Series 2 and Series 3 experiments. 

























Figure 4.15 Particle size distributions in supernatant (Type A), settled portion (Type 
B) and mixed suspension (Type C) 
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Figure 4.16 Cake resistances for Series 1, Series 2 and Series 3 experiments 
 
In Fig 4.16, the fouling resistances, in terms of cake resistances Rc, are presented. The 
cake resistances for Series 1 are clearly observed to be greater than the other two series. 
Therefore, that Series 1 had lower permeate fluxes was due to the initially retained small 
particles which resulted in higher cake resistances. This can be supported from the SEM 
images in Fig (4.17). As can be observed, the small particles formed a more compacted 
cake on membrane surface, which would have higher cake resistance, and the larger 
particles deposited on the small particles formed a rather loosely packed cake layer (see 
Fig. 4.17a). In contrast, larger particles loosely packed directly on the membrane surface, 
and, in subsequent filtration, small particle formed a more dense cake on the top of the 
large particle cake; see Fig 4.17b. This type of cake formation appeared to have lower 
cake resistance than in Series 1 as Series 2 had larger permeate fluxes (see Fig4.14). From 
Fig 4.17c, it is observed that the cake consisted of mixed large and small particles. 
 
 
      








               
 
 
  (a) Cake formation in Series 1 experiment 
 






           
 
 
 (b) Cake formation in Series 2 experiment 
      
 










      
 (c) Cake formation in Series 3 experiment 
Figure 4.17 SEM images showing the features of cake formation in different series of 
experiments. 
 
From these experiments, it can be concluded that small particles directly deposited on 
membrane surface had severe impact on microfiltration performance and membrane 
fouling. The analysis and discussion above is based on cake formation and cake resistance 
only. In general, pore blocking and cake formation both are the major factors in 
influencing membrane fouling. (Seminario et al., 2002) observed that small particles can 
initially plug the pores by bridging, and thus cause internal pore restrictions to fluid flow, 
and continued buildup with time can also lead to the formation of an external cake.  
 
4.6 Membrane Fouling Mechanism Identification 
Membrane fouling mechanisms were observed by filtering the supernatant and the settled 
portion of a suspension to observe the initial pore blocking and subsequent cake 
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formation. The 1-5 m m particles were used to prepare the initial suspension. The method 
to get the supernatant and settled portion of the suspension was the same as described 
previously. Again, Series 1 refers to the filtration of the supernatant followed by the 
settled portion and Series 2 refers to the filtration of the settled portion followed by the 
supernatant. 
 
 Figure (4.18) shows a plot of permeate fluxes versus time for both Series 1 and Series 2 
filtrations. These experiments were conducted with the settling time of 1 hr. Filtrations of 




























      
Figure 4.18 Permeate fluxes versus time for Series 1 and Series 2 filtration (c: 23 
mg/L for supernatant, 27 mg/L for settle layer, P: 53.33 kPa, T: 21°C)  
 
It is observed that Series 1 had lower permeate fluxes than Series 2. The particle size 
distributions in the supernatant and in the settled portion were measured by a LS 230 
Coulter Multisizer, as shown in Figure (4.19). 
 
























Figure 4.19 Particle size distributions in the supernatant and the settled portion of 
the suspension. 
 
As can be seen, the supernatant had most particle sizes close to that of the membrane 
pores (i.e., 0.1 m m) and the settled portion contained much less small particles than the 
supernatant. Therefore, from Series 1 filtration, it may be assumed that small particles 
blocked the membrane pores and lowered the permeate fluxes. After that, the filtration of 
the settled portion was quite steady in the permeate flux. Hence, the particles in this 
portion deposited on the membrane to form a cake which had a lower resistance than the 
pore blocking. To illustrate this effect, the pore blocking models were fitted to the initial 
permeate flux data with the supernatant from Series 1 experiments; see Fig 4.20 and Fig. 
4.21 and the cake formation model was fitted to the later permeate flux data with settled 
portion; see Fig 4.22. 
 
The results in Fig. 4.20 to Fig 4.22 show that the various pore blocking models can be 
fitted well to the initial supernatant filtration and the cake formation model can be fitted  
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Figure 4.20 Complete pore blocking model was fitted to the experimental data, 
























Figure 4.21 Intermediate pore blocking model was fitted to the experimental data, 
showing a good agreement in the period after the initial complete pore blocking for 
supernatant filtration in Series 1. 
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well to the subsequent filtration with the settled portion of the suspension. It may be 
generally concluded that polydispersed suspension filtration can be characterized by an 
























Figure 4.22 Cake filtration model was fitted to the experimental data showing good 
agreement for the filtration of the settled portion in Series 1 
 
For Series 2, the permeate fluxes were higher than those in Series 1. Since the settled 
portion with larger particles was filtered first, it resulted in less serious of pore blocking. 
The subsequent filtration of the supernatant formed an additional layer of cake rather than 
pore blocking though some small particles in the supernatant may penetrate the cake 
formed by previously deposited larger particles and reach the membrane, causing some 
pore blocking. (Davis, 1992) also reported that large particles formed an external cake on 
the surface of the membrane, which then acts as a deep-bed filter and captures some of the  
small particles and prevents them from fouling the primary membrane. Figures 4.23 to  
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-=   (Intermediate Blocking Model) 


















Figure 4.23 Intermediate pore blocking model fitted to the filtration of the settle 


























Figure 4.24 Cake filtration model fitted to the filtration of the settle portion in  
Series 2. 


























Figure 4.25 Intermediate pore blocking model fitted to the filtration of the 


























Figure 4.26 Cake filtration model fitted to the filtration of the supernatant in the 
later stage in Series 2. 
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From these results, it is observed that only the intermediate pore blocking model and the 
cake formation model can be fitted to the initial filtration of the settled portion of the 
suspension, and they can also be fitted to the later supernatant filtration in Series 2.  
 
Similar experiments with initial suspensions prepared with the 10-20 m m particle size 
distribution were conducted and the results are shown in Fig (4.27) to (4.31). These 



























Figure 4.27 Permeate flux versus time for Series 1 and Series 2 filtration with Type 4 
particles (10-20 m m) (c: 21 mg/L for supernatant and 39 mg/L for settled, P: 53.33 



























































Figure 4.29 Cake filtration model was fitted to the experimental data in Series 1. 
 
 
























































Figure 4.31 Cake filtering model was fitted to the experimental data in Series 2. 
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4.7 SEM Observations  




(a) Clean membrane              (b) Membrane with fouling 
Figure 4.32 SEM images of clean membrane and membrane with fouling 
 
The clean membrane and membrane with fouling after microfiltration were observed with 
SEM. Some typical results are presented in Fig. 4.32. It is clearly shown that particles 
were deposited on the membrane surface, forming cakes, and some particles filled into 
membrane pores, causing pore blocking. 
 
4.8 Specific Resistance and Compressibility of Cake from Kaolin Suspension  
Kaolin particles were used to study the specific resistance and compressibility of the 
deposited cake. Figure 4.33 shows the filtration performance at different pressures and 

































Figure 4.33 Permeate flux versus time for kaolin particle suspension (c : 50 mg/L, 
membrane pore size: 0.1 m m, T : 21 °C) 
 
Based on Eq. (2.13), a plot of At/V versus V/A would generate a straight line and the 
slope of the line gives to the access to estimate the specific resistance, kc. Table (4.5) 
summarizes the linear regression results obtained on the basis of Eq. (2.13) for all results 





















Figure 4.34 Particle size distributions for kaolin particle suspension 

















































Figure 4.36 At/V versus V/A for Type 1 to Type 4 suspensions (co: 50 mg/L, P: 53.33 
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 Table (4.5) Linear regression for operations under various suction pressures and 














26.66  Kaolin At/V=62434V/A+16540 0.9648 1.06E+14 
53.33 Kaolin At/V=21796V/A+3209.7 0.9926 5.31E+13 
79.99  Kaolin At/V=10109V/A+3568.1 0.9927 3.12E+13 
53.33  Type 1 At/V=2138.5V/A+4989.1 0.9797 6.23E+12 
53.33  Type 2 At/V=1011.1V/A+5017.6 0.9539 2.12E+12 
53.33  Type 3 At/V=3433.5A/V+5260.4 0.994 8.35E+12 
53.33  Type 4 At/V=2415.7A/V+5028.8 0.9763 4.14E+12 
 
(Porter, 1990) suggest that the effects of cake compressibility may be estimated by 
assuming that the specific cake resistance is a power law function of the imposed pressure 
drop: Under the effect of various suction pressures, power expression may be used to 
describe the behavior of average specific resistance (kc) as shown below: 
( )noc Pk D= a           (4.6) 
where kc is the specific cake resistance and PD  is the suction pressures. Both oa  and 
n are constants specifically for each conditions. Parameter n is known as the 
compressibility coefficient. Figure 4.37 shows the relationship of kc versus PD in this 
study. The value of n is negative in this case. In fact, 68 to 76 percent of the kaolin 
particles used to prepare the suspension was of silicon dioxide, which is incompressible. 
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In order to evaluate the reliability of the power expression relations obtained, Eq. (4.6) 



























































































Figure 4.37 Specific resistance (kc) of the boundary layer as a function of the suction 
pressures  
 
The values of average specific resistance based on the slopes of the linear regression 
(Table 4.5) were determined using Equation (2.13). Fig 4.37 shows the experimental 
results (solid symbol) and their least-squares (solid line) fit well to the power law 
(Ramalho, 1977).  
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The accumulative permeate volumes determined based on Eq. (4.7) were compared with 
the experimental data; (see Figure 4.38). The results suggest that the power expression of 
Eq. (4.6) was indeed valid to describe the changes of the specific resistances in the 
filtration experiments with suction pressures. Table 4.6 shows the values of oa and n and 
other relevant information. 
 











26.66 Kaolin 50  4E+15 -1.0994 
53.33 Kaolin 50 4E+15 -1.0994 
79.99 Kaolin 50 4E+15 -1.0994 
53.33 Type 1  50 4E+15 -1.0994 
53.33 Type 2 50 4E+15 -1.0994 
53.33 Type 3 50 4E+15 -1.0994 





































































Figure 4.38 Time dependence of accumulative volume for (a) kaolin suspension and 
(b) different kinds of polydispersed suspensions (Type 1 to Type 4) experimental 
data and model results 
 
If the specific cake resistance will be defined as the flow resistance per unit mass of solids 
per unit area, then Darcy’s law can be written as 
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 (4.8)   
( )tn = Volume of filtrate (m3) 
C = Influent concentration (mg/L) 
W = Membrane area (m2) 
For the dead-end filtration experiments, the mass of solids deposited corresponds to the 
solids contained in the volume of filtrate: (Yazhen X. J et al, 1995). 
( ) ( ) ( )0CtVtM =  (4.9)   
V (t) = accumulative volume of permeate flux per unit area (m3/m2) 
C (t) = influent concentration (mg/L) 










 (4.10)   
Therefore, 













 (4.11)   
Equation (4.11) is used to calculate the specific cake resistance under different suction 
pressures. From the results in Fig 4.39 it is clear that the specific cake resistance 
decreased when the suction pressure was increased for this so-called incompressible 
system. The reason is probably that although the particles are rigid, more particles were 
simultaneously brought to the membrane surface at a higher suction pressure and the cake 
formed was looser.     
 


































































Figure 4.40 Specific cake resistance increased for the suspension contained larger 
amounts of small particles 
 
Specific cake resistances also increased as the average particle size in the feed suspension 
decreased. (S. Chellam et al., 1998). In all cases, the values of kc decreased with time. kc 
had the highest value at the beginning but declined dramatically and then changed more 
gradually and slowly, or finally even approached a constant in each case; see Fig 4.40 for 
Chapter 4  Results and Discussion   
 78 
Type 1 to Type 4 suspensions. Particles deposited at the beginning may be more compact 
than particles deposited subsequently in the cake, resulting in the average porosity of the 
overall cake increasing with time, thus the observed declining specific resistances (Bai & 
Leow, 2001). 
 
The resulting k c values were substituted in Eq. (2.5) and the values of cake thickness 


























Figure 4.41 Effect of transmembrane pressures on deposit built-up (cake thickness) 
for kaolin particle suspension 
 
The cake thickness increased when the pressure was increased. As discussed before, the 
high operation pressure in which more particles were brought to deposit on the cakes 
simultaneously, which could generate a looser cake with a smaller specific cake 
resistance, due to the mechanisms of particle-bridging (Bai and Leow, 2002b).    
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4.9 Microfiltration with Activated Sludge Wastewater 
4.9.1 Microorganisms in the Activated Sludge Wastewater 
When the sludge settleability was improved, the density of filamentous bacteria in the 
wastewater reduced. The results of microscopic examinations of the activated sludge 
wastewater are shown in figure 4.42. The quantity of free- living bacteria in the activated 
sludge was initially high. This could be supported through the abundant existence of 
branching ciliates and micro- invertebrate worms in the early stages of the sludge 
development. Finally, microorganisms such as rotifers fed primarily on free- living 
bacteria, and as a result, rotifers became abundant while branching ciliates decreased 
appreciably in number.      
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(e)                                                                       (f) 
  
(g)                                                                        (h) 







Figure 4.42 A list of microorganism observed in the sludge under the light 
microscope (a) Branching ciliate at 500x (b) Single branching ciliate at 500x (c) 
Nematode microworm at 500x (d) branching filament at 500x (e)Free-swimming 
rotifer at 200x (f) bulking sludge at 500x (g) Bulking sludge with gradually 
decreasing filamentous growth at 200x (h) High settleability sludge with large 
grandule-like flocs and almost no filamentous growth at 200x. 
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4.9.2 Permeate Flux in Microfiltration of Activated Sludge Wastewater 
Permeate fluxes for activated sludge was measured at different suction pressures to 
observe how the characteristics and morphology of the bio-flocs in the bioreactor may 

























Figure 4.43 Permeate flux versus time for activated sludge wastewater 
microfiltration under different suction pressure. (MLSS »  2500 mg/L) 
 
 The permeate fluxes at different suction pressures were close each other in the filtration 
of the activated sludge at three different suction pressures; see Fig 4.43. The degrees of 
fouling for microfiltration of activated sludge wastewater and for polydispersed 
suspension can be expected to be different because higher suction pressures produced 
higher permeate flux for polydispersed suspension. The reason may be that the bio-floc 
sizes of activated sludge wastewater can change under different operating conditions. 
Since, many materials, such as flocculated clays and especially microbial cells, are highly 
compressible. (Davis, 1992). Therefore, compressibility factor will be estimated for the 
activated sludge by using equa tions (4.8) - (4.10). 
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 4.9.3 Compressibility of Activated Sludge 
Experimental measurement of the permeate flux J (t) and the amounts of solids deposited, 
M(t), on the membrane can be used to determine the specific cake resistance as a function 
of time, and as a function of the amounts of solids deposited. The specific resistances 
measured in this way are also dependent on the pressures used for the filtration, and can 
often be related to the pressure by the following empirical expression as in Eq. (4.5), 
n
oc Pk )(D= a     
where  
n = cake compressibility 
oa = constant 
 
The determined specific resistance under various conditions are shown in Fig 4.44 which 
indicates the specific cake resistances increased rapidly at the initial stage and a steady 
eventually at each suction pressure. The specific cake resistances also increased with the 
increase in suction pressures. This may be explained by the compressibility in the nature 
of sludge. (Al-Malack et al., 1997) stated that higher transmembrane pressure could force 
particles to penetrate through the pores and thus cause the cake layer to be more 
compressed. Figure 4.45 shows that the cake thickness for high suction pressures was 
lower than the cake thickness at low suction pressures, indicating that the cake was 









































































Figure 4.44 Specific cake resistances determined from Eq. (4.5) for (a) 0.1 m m (b) 
0.22 m m membranes in the filtration of the activated sludge wastewater 
 


























Figure 4.45 Deposited cake thickness on the membrane at different suction pressure 































     
Figure 4.46 A plot of specific cake resistance versus filtration pressure drop to 
determine the values of the compressibility coefficient 
 
At steady state, the specific cake resistance at steady state for each suction pressure was 
plotted against the suction pressures. The results are shown in Fig. 4.46. The 
compressibility coefficient for activated sludge filtration was 0.7324 for 0.1 m m 
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membrane and 0.7336 for 0.22 m m membrane. These values are much higher than that of 
incompressible polydispersed suspension filtration, and are indications that the deposit 
formed on the filter medium from activated sludge wastewater is highly compressible. 
(Benitez et al., 1995) reported a compressibility coefficient of 0.66 for activated sludge 
suspension filtration. The compressibility coefficient for the activated sludge in this work 
is higher than the reported value. This may be due to the large amount of small particles 






















Figure 4.47 A large number of small particles contained in the activated sludge 
wastewater.  
 
4.10 Membrane Fouling Mechanisms for Activated Sludge Wastewater 
Microfiltration 
Microfiltration is increasingly used with the activated sludge process in conventional 
wastewater treatment to produce a higher quality effluent. The major problem of such 
application is membrane fouling, which has generally been attributed to the high contents 
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of suspended solids in the wastewater. In this study, the degree of membrane fouling by 
different size fraction of particles in the activated sludge wastewater was examined. 
 
In order to evaluate the degree of fouling, each fraction of particles of different sizes in 
the activated sludge was used. Wastewater was pretreated by sedimentation before 
conducting microfiltration tests. Activated suspension was settled for 1hr and supernatant 
was decanted for 15 liters out of 20 Liters total volume of suspension. Thus, 5 liters out of 
the 20 liters was collected as the settled portion. The supernatant, settled portion and the 
initial prepared suspension without settling were named as Suspension A, Suspension B 
and Suspension C and were used in the microfiltration study, respectively. Experiments 


























Figure 4.48 Permeate flux versus time for three types of suspensions (a) supernatant 
(b) settled (c) suspension (settling time = 1hr, MLSS for supernatant »  25 mg/L, 
MLSS for settle layer»  220 mg/L, MLSS for suspension »  158 mg/L, P: 53.33 kPa, 
T: 21°C) 
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The results in Fig 4.48 show that the permeate fluxes for Suspension A, Suspension B and 
Suspension C were about the same. Therefore, dead-end microfiltration caused severe 
membrane fouling with activated sludge filtration. The fouling mechanisms are therefore 
investigated below. 
 
Particle size distribution for Suspension A, Suspension B and Suspension C are shown in 
Fig 4.49. Most of the particle sizes in supernatant were close to that of the membrane pore 
size and settle portion contained much less small particles than the supernatant. 
Suspension C contained both large and small particles. 























Figure 4.49 Particle size distribution in the supernatant (Suspension A), settled 
portion (Suspension B) and the initial suspension (Suspension C). 
 
To illustrate this, the pore blocking models were fitted with the experimental results for 
Suspension A filtration as shown in Fig (4.50). 
 



































Figure 4.50 (a) Standard blocking model was fitted to the experimental data (b) cake 
filtration model was fitted to the experimental data for the later part of the 
Suspension A filtration 
 
The results show that the standard blocking model can be fitted well to the supernatant 
filtration and the cake formation model can be fitted well to the later part of the 
supernatant filtration. It may be generally concluded that activated sludge suspension 
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filtration can be characterized by the initial pore blocking and then followed by cake 
formation process. This can be seen with the SEM images in Fig 4.51. 
 
(a)                                                                (b)  
                               
 
 
Figure 4.51 SEM images of (a) clean membrane pore diameter 0.22 m m (b) standard 
pore blocking and formation of cake for the suspension A filtration   
 
As can be observed in Fig 4.51b the pore diameters of the membrane pores were reduced 
due to the fouling of particles which were smaller than the membrane pores. Some 
particles may deposit on the membrane surface, while others can be carried by filtrate 
through or into the membrane pores and foul the membrane. This phenomenon can be 
classified by the standard pore blocking of particles. Some portions of the membrane can 
be completely filled with particles because the size of the membrane pores is equivalent to 
or larger than that of particles. Some particles may migrate into the membrane pores, 
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Mixed Suspension Filtration (Suspension C)  
The standard pore blocking models was fitted with the experimental results for 










































Figure 4.52 (a) Standard blocking model was fitted to the experimental data, (b) 
Cake filtering model was fitted with the experimental results  
 
The results for Suspension C show that pore blocking model fitted well initially and cake 
formation model subsequently. The SEM images are shown in Fig. 4.53.  
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(a)                                                                 (b) 




Figure 4.53 SEM image for (a) clean membrane (b) Fouled membrane showing 
standard blocking and formation of cake for the Suspension C filtration.  
 
Settle Layer Filtration (Suspension B) 
















Standard blocking Cake formation 






















Figure 4.54 Intermediate blocking model and cake filtering models were fitted with 
the experimental results for Suspension B filtration.     
 
Intermediate blocking model and cake filtering model were fitted with the experimental 
results. Intermediate blocking model fitted well with the experimental results at the initial 
stage of filtration, as shown in Fig 4.54. Some of the particles contained in Suspension B 
were close to the membrane pore size and some others larger than the membrane pore 
size. Therefore, larger particles deposited on the membrane and cake was formed on the 
membrane. The cake layer was peeled off after fouled membrane was dried and 
intermediate pore blocking was observed with SEM, see the images in Fig. 4.55. 
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Figure 4.55 SEM image shows the intermediate pore blocking of membrane by the 
filtration of settled portion of the suspension (Suspension B). 
 
It can be concluded that for Suspension A and Suspension C filtrations, standard blocking 
and cake formation took place because some particle sizes were smaller and some were 
close to the membrane pore size. For Suspension B filtration, the amounts of small 
particle contained in the suspension were much lower than the other two suspensions and 
cake formation was a dominant mechanism. Pore blocking may be limited to the 
intermediate pore blocking pattern. 
 
Settling time for 1 hr could not give the higher permeate fluxes and membrane fouling 
was severe for all types of suspensions. Therefore, activated sludge was settled for 2 hr 
and was used to observe the fouling mechanisms. Permeate fluxes were lower than 
permeate fluxes obtained from suspension with 1 hr settling time. Models were fitted to 
the experimental results to identify the fouling mechanisms.   
Intermediate blocking 

























Figure 4.56 Permeate flux versus time for three different types of suspensions.  
Supernatant (21 mg/L for supernatant, 230 mg/L for settled and 150 mg/L for 
suspension) 
 























Figure 4.57 Particle size distributions in the supernatant (Suspension A), settled 
portion (Suspension B) and the initial suspension (Suspension C). 
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For 2 hr settling time, supernatant (Suspension A) had particle sizes close to that of the 
membrane pores. Settle layer (Suspension B) contained most of the large particle and 
(Suspension C) contained both the soluble fraction and settleable fraction.     
 
To observe the fouling mechanism, models are fitted with the experimental results as 
shown in Figs. 4.58, 4.60 and 4.62. 
 

































Figure 4.58 Standard blocking model and cake filtering model fitted with the 
experimental results. 
Chapter 4  Results and Discussions 
 96 
SEM pictures show that membrane pores were completely blocked with the particles and 
therefore cake was formed on the membrane.  
 
For 2 hr settling time, very small particles contained in the supernatant layer and these 
particles closely packed each other and biofilm was formed on the membrane surface. 
SEM pictures show that membrane was completely covered with biofilm layer. 
(see Fig. 4 .59b).  
 
(a)                                                                         (b) 
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Figure 4.60 Standard blocking model and cake filtering model were fitted with the 
experimental results for suspension C filtration 
 
The standard pore blocking mechanism could be seen under SEM image. After the cake 
was peeled off from the membrane surface when the membrane was dried, standard pore 
blocking could be seen in Fig. 4.61.  
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(a)                                                                        (b) 




Figure 4.61 (a) Clean membrane (pore size 0.22 m m), (b) Standard pore blocking for 
Suspension C filtration   
 
Fig. 4.61, the fouled membrane is observed to have lower porosity than the clean 
membrane. This may be due to the small particles entering the membrane and deposited 








Standard blocking model 
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Figure 4.62 Intermediate blocking model and cake filtering model were fitted with 
the experimental results for suspension (B) 
 
For settled layer filtration, only the intermediate pore blocking and cake formation model 
were fitted well with the experimental results. The SEM images showing the fouling are 
presented in Fig. 4.63. 
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CHAPTER 5   CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions  
For dead-end microfiltration, particles of a similar size as the membrane pores can result 
in a complete block of the pores. Thus, hydraulic resistance to permeate flow through the 
membrane was significantly increased and reduction in the permeate fluxes in the initial 
stage of filtration was observed. In general, it is observed that permeate flux at a higher 
feed concentration declined faster than that at a lower feed concentration and the permeate 
flux at a lower feed concentration took a longer time to approach the level off stage. It is 
noted that a higher pressure always resulted in a higher permeate flux before approaching 
the level off stage and a longer time was needed to approach the level off stage at a higher 
applied filtration pressure. 
  
Large numbers of small particles are the majors problem in dead-end microfiltration. A 
model was developed to investigate the effect of small particles on dead-end 
microfiltration. From this model study, it can be concluded that large portion of small 
particles caused higher cake resistance and also higher specific cake resistance. 
 
Although higher concentrations result in lower permeated fluxes, particle size 
distributions also significantly affected the membrane fouling resistance. A suspension 
with a large particle size distribution caused severer membrane fouling and even more 
flux decline than a suspension with a higher concentration. The reason is due to the small 
particles fill in the voidage between large particles. This results in a serious decrease in 
the cake porosity and generates a dense cake. A dense cake has a greater resistance and 
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thus causes more flux decline. Hence, higher concentrations do not always cause lower 
permeate fluxes. Filtration performance also depends upon the particle size distribution 
and the number of small particles contained in the suspensions. 
 
When the experiments were carried out by filtering the small particle suspension followed 
by large particle suspensions and vice versa, separation of large particles prior to the small 
particles can reduce cake resistance and minimize fouling. This is contributed to that large 
particles formed a cake layer which prevents small particles from direct contact of the 
membrane surface to cause pore blocking. 
       
The pore blocking resistance was the dominant resistance at the initial period of filtration 
and the cake resistance began to dominate following the initial pore blocking stage. 
 
The different particle sizes contained in the  suspension caused various pore blockages. 
Complete pore blocking was caused by particles larger than the membrane pores. 
Intermediate pore blocking was caused by particles of sizes same as the membrane pores 
and standard blocking was caused by particle smaller than the membrane pore size. 
  
When a cake was formed on the membrane, there was a resistance directly proportional to 
the membrane resistance. The specific cake resistances were also dependent on the 
applied pressure. When the pressure was increased, specific cake resistance decreased 
even for incompressible particles because more particles arrived at the cake and formed a 
looser cake. For compressible cake systems, specific cake resistance increases, when the 
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pressure was increased because compressive forces were very important for compressible 
particles.   
 
Activated sludge wastewater contains large amount of small particles which caused severe 
membrane fouling, with pore blocking being the dominant mechanism for dead-end 
microfiltration. 
  
5.2 Recommendations  
The research done has shown the effects of polydispersity of suspensions on dead-end 
microfiltration. Small particle caused severe membrane fouling than large particles due to 
the higher cake resistance. Particle size closes to the membrane pore sizes caused severe 
membrane fouling. In activated sludge wastewater filtration, standard blocking was a 
significant mechanism due to the particle sizes smaller than the membrane pores. Hence, 
it is recommended to use membrane of pore sizes smaller than the particle sizes to be 
separated in dead-end microfiltration to produce greater permeate fluxes.  
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Table A 1. Permeate Flux Data for Suspension Filtration under different particle 




    
Flux 
(L/m2h)     
Time 
(min) Type A  Type B  Type C  Type D  
0.00 709.87 709.87 709.87 709.87 
10.00 614.38 687.90 562.89 640.16 
20.00 534.08 621.02 524.52 580.15 
30.00 550.34 621.97 500.64 519.75 
40.00 500.64 607.64 459.55 510.19 
50.00 464.33 594.27 462.42 489.17 
60.00 474.86 571.34 451.91 484.39 
70.00 413.69 575.16 428.03 476.75 
80.00 421.34 552.23 396.50 436.62 
90.00 389.81 530.25 357.32 449.04 
100.00 373.57 527.39 361.15 384.08 
110.00 376.43 505.41 338.22 385.03 
120.00 356.37 518.79 332.48 407.01 
130.00 367.83 495.86 310.51 364.01 
140.00 308.60 477.71 308.60 364.01 
150.00 315.29 494.90 268.47 352.55 
160.00 304.78 472.93 252.23 339.17 
170.00 307.64 437.58 268.47 296.18 
180.00 275.16 468.15 248.41 300.96 
190.00 267.52 451.91 210.19 298.09 
200.00 255.10 446.18 206.37 274.20 
210.00 256.05 416.56 236.94 226.43 
220.00 265.61 423.25 213.06 231.21 
230.00 224.18 421.34 205.41 273.25 
240.00 237.90 420.38 174.84 253.18 
250.00 218.79 420.38 204.46 267.52 
260.00 223.57 403.18 165.29 228.34 
270.00 217.83 395.54 171.97 234.08 
280.00 209.24 406.05 143.31 269.43 
290.00 200.17 356.37 172.93 210.19 











Table A 2. Permeate flux data for suspension filtration under different concentration  




      
Flux 
(L/m2h)       
Time 
(min) 1-5 um   5-10 um   10-20 um   
  50 mg/L 500 mg/L 50 mg/L 500 mg/L 50 mg/L 500 mg/L 
0 709.87 709.87 709.87 709.87 709.87 709.87 
10 650.00 566.56 687.18 650.00 672.61 662.10 
20 621.02 496.82 676.00 604.00 694.59 628.00 
30 621.97 444.27 645.86 566.00 637.26 593.00 
40 607.64 416.56 619.11 550.00 685.03 550.32 
50 594.27 372.61 590.45 518.79 601.91 538.85 
60 571.34 357.32 560.28 484.00 588.54 514.00 
70 575.16 342.99 557.01 464.00 666.88 465.29 
80 552.23 322.93 516.88 463.38 579.94 422.29 
90 530.25 310.51 528.34 450.96 573.25 432.80 
100 527.39 310.51 512.10 435.67 609.55 405.10 
110 505.41 311.46 469.11 407.01 500.64 387.90 
120 518.79 310.51 435.67 379.30 539.81 374.51 
130 495.86 256.05 417.52 380.00 473.89 356.00 
140 477.71 251.27 409.87 372.61 485.35 334.10 
150 494.90 252.23 396.50 381.21 489.17 335.35 
160 472.93 255.10 375.34 354.46 460.51 345.86 
170 437.58 235.99 364.97 346.82 421.34 340.00 
180 468.15 242.68 346.82 339.17 422.29 336.31 
190 451.91 235.99 351.59 330.57 413.69 314.33 
200 446.18 199.68 331.53 333.44 393.63 310.51 
210 416.56 229.30 329.62 319.00 371.66 295.22 
220 423.25 214.97 326.75 290.00 448.09 310.51 
230 421.34 231.21 308.88 282.80 353.50 292.36 
240 420.38 183.44 292.36 288.54 385.03 283.76 
250 420.38 191.08 264.65 298.09 356.37 301.91 
260 403.18 150.87 297.13 291.40 363.06 292.36 
270 395.54 155.73 248.41 262.74 358.28 278.98 
280 406.05 164.33 275.16 293.31 413.69 250.32 
290 356.37 169.11 264.65 268.47 311.73 277.07 










Table A 3. Permeate flux data for suspension filtration under different suction pressure  
                    (P: 26.66 kPa, 53.33 kPa, 79.99 kPa, c: 50 mg/L)     
 
 
          Flux (L/m2h)       
Time   1-5 um     5-10 um     10-20 um   









0 346.82 709.87 1051.00 346.82 709.87 1050.96 346.82 709.87 1050.96 
10 316.00 687.90 850.39 272.29 687.18 864.30 280.00 672.61 969.75 
20 303.82 621.02 807.00 258.92 676.54 797.53 306.69 694.59 942.04 
30 287.58 621.97 785.35 261.78 645.86 789.17 272.29 637.26 922.93 
40 275.16 607.64 745.22 235.03 619.11 758.60 264.13 620.60 910.22 
50 267.52 594.27 745.22 251.27 590.45 751.91 257.01 601.91 898.09 
60 250.32 571.34 751.91 218.79 560.28 738.54 261.78 588.54 850.47 
70 248.41 575.16 718.47 237.90 557.01 707.01 269.43 570.12 833.12 
80 242.68 552.23 693.63 203.50 516.88 682.17 278.98 579.94 803.50 
90 231.21 530.25 643.95 213.06 528.34 636.31 271.34 573.25 780.06 
100 231.21 527.39 637.26 214.97 512.10 629.62 279.94 540.66 762.42 
110 225.48 505.41 628.66 218.00 469.11 638.22 258.92 500.64 733.76 
120 220.70 518.79 593.31 215.92 435.67 610.51 268.47 539.81 707.43 
130 205.41 495.86 590.45 183.44 417.52 600.96 283.76 473.89 679.30 
140 201.59 477.71 563.69 185.35 409.87 581.85 235.99 485.35 656.37 
150 195.86 494.90 578.03 171.97 396.50 524.52 255.10 489.17 628.66 
160 197.77 472.93 533.12 190.13 375.34 537.90 244.59 460.51 594.27 
170 192.04 437.58 541.72 204.46 364.97 528.85 244.59 421.34 570.38 
180 204.46 468.15 519.75 200.64 346.82 522.61 231.21 422.29 577.07 
190 187.26 451.91 523.57 208.28 351.59 494.90 229.30 413.69 528.34 
200 182.48 446.18 513.06 176.75 331.53 505.41 252.23 393.63 520.70 
210 180.57 416.56 526.43 199.68 329.62 471.02 220.70 371.66 479.62 
220 156.69 423.25 474.84 192.99 326.75 462.42 223.57 448.09 488.22 
230 181.53 421.34 456.69 181.53 308.88 461.46 280.89 353.50 461.46 
240 188.22 420.38 476.75 187.26 292.36 454.78 219.75 385.03 449.04 
250 171.02 420.38 466.24 189.17 264.65 427.07 205.41 356.37 428.98 
260 173.89 403.18 478.66 173.00 297.13 424.20 224.52 363.06 416.56 
270 157.64 395.54 442.36 184.39 248.41 418.47 247.45 358.28 412.74 
280 148.09 406.05 431.69 178.00 275.16 420.38 257.96 413.69 386.94 
290 187.26 356.37 436.62 180.32 264.65 402.23 222.61 355.23 359.24 
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Table A 4. Cumulative permeate volume for experimental and model results 




        Cumulative Volume (cm3)     
Time   Experimental Results     Model Results   
(min) 0.5-3 um 1-5 um 5-10 um 10-20 um 0.5-3 um 1-5 um 5-10 um 10-20 um
5 60.62 21.28 29.82 52.44 107.35 26.02 38.50 142.21 
10 122.41 93.25 84.76 104.85 142.51 286.68 260.09 272.76 
20 237.16 225.38 194.55 230.62 273.82 422.42 368.92 393.65 
30 396.75 356.55 300.94 336.24 395.77 553.61 467.76 506.39 
40 500.81 481.31 410.38 440.72 509.78 680.59 558.57 612.17 
50 601.93 605.78 503.86 544.81 616.97 803.65 642.80 711.93 
60 739.24 725.94 598.43 646.25 718.24 923.06 721.50 806.45 
70 827.23 846.96 689.68 745.94 814.31 1039.08 795.52 896.34 
80 912.39 964.14 773.38 840.86 905.80 1151.91 865.51 982.12 
90 1042.46 1077.32 850.35 932.74 993.19 1261.76 931.98 1064.23 
100 1119.77 1190.56 928.83 1019.74 1076.93 1368.81 995.36 1143.05 
110 1195.21 1298.65 999.55 1100.83 1157.36 1473.21 1056.00 1218.88 
120 1266.73 1408.29 1067.38 1188.12 1234.80 1575.13 1114.19 1291.99 
130 1340.53 1512.72 1131.63 1268.55 1309.51 1674.70 1170.18 1362.63 
140 1402.65 1614.63 1196.12 1346.33 1381.72 1772.04 1224.18 1430.99 
150 1518.71 1715.25 1253.62 1418.84 1451.64 1867.28 1276.37 1497.26 
160 1577.75 1813.33 1309.45 1487.87 1519.45 1960.51 1326.90 1561.59 
170 1639.44 1909.86 1366.44 1553.87 1585.30 2051.85 1375.91 1624.13 
180 1696.93 2007.54 1431.17 1621.48 1649.34 2141.38 1423.52 1685.01 
190 1753.66 2099.92 1478.56 1685.65 1711.68 2229.19 1469.84 1744.32 
200 1807.94 2194.36 1526.34 1746.34 1772.45 2315.36 1514.95 1802.18 
210 1858.87 2283.17 1573.24 1799.36 1831.74 2399.95 1558.94 1858.68 
220 1849.57 2372.54 1618.27 1860.24 1889.64 2483.05 1601.88 1913.90 
230 1901.68 2460.73 1659.95 1918.13 1946.25 2564.71 1643.84 1967.91 
240 1952.63 2547.86 1703.14 1969.26 2001.62 2645.00 1684.88 2020.79 
250 2002.49 2636.35 1748.74 2021.59 2055.84 2723.98 1725.05 2072.59 
260 2051.32 2722.14 1785.83 2069.85 2108.96 2801.68 1764.41 2123.37 
270 2099.18 2807.13 1817.97 2121.44 2161.04 2878.18 1803.00 2173.19 
280 2146.12 2891.64 1854.83 2171.43 2212.14 2953.50 1840.85 2222.09 
290 2192.19 2970.25 1893.86 2215.16 2262.31 3027.70 1878.02 2270.11 
300 2237.42 3053.36 1936.33 2262.13 2311.58 2953.30 1953.70 2177.57 
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Table A 5. Cumulative permeate volume for experimental and model results for 
                     supernatant, suspensions and settle (P: 53.33 kPa, c: 21 mg/L for 
                     supernatant, 59 mg/L for settle, 50 mg/L for suspension) 
 
 
    
Cumulative 
Volume 
(cm3)       
   Time   
Experimental 
Results     
Model 
Results   
(min) 
 Supernatant Settle Suspension Supernatant Settle Suspension 
0 28.70 28.70 28.70 30.40 36.10 33.50 
5 51.60 69.50 21.20 72.40 72.48 73.50 
10 111.20 130.10 93.20 141.05 141.35 145.21 
20 229.30 234.10 225.30 268.71 269.76 283.64 
30 341.90 338.10 356.50 385.59 387.67 415.97 
40 448.80 437.20 481.00 493.61 496.89 542.78 
50 552.70 534.60 605.70 594.23 598.81 664.59 
60 652.20 622.70 725.90 688.54 694.49 781.82 
70 751.70 714.10 846.90 777.45 784.79 894.87 
80 848.70 793.10 964.10 861.64 870.40 1004.06 
90 939.40 875.20 1077.30 941.71 951.88 1109.69 
100 1028.10 950.20 1190.50 1018.11 1029.70 1212.04 
110 1110.10 1031.50 1298.60 1091.26 1104.24 1311.33 
120 1192.00 1099.30 1408.00 1161.48 1175.83 1407.78 
130 1273.20 1168.40 1512.00 1229.05 1244.76 1501.57 
140 1352.80 1242.60 1614.60 1294.22 1311.26 1592.88 
150 1414.50 1310.60 1715.20 1357.21 1375.56 1681.86 
160 1465.20 1379.10 1813.30 1418.18 1437.82 1768.66 
170 1577.90 1496.90 1909.80 1477.31 1498.21 1853.40 
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Table A 6. Cumulative permeate volume for experimental and model results 
                    under various suction pressures for kaolin suspensions  




      Cumulative Volume (cm3)   
Time   Experimental Results   Model Results 
(min) 26.66 kPa 53.33 kPa 79.99 kPa 26.66 kPa 53.33 kPa 79.99 kPa 
0 0.0000128 0.0000592 0.0000232 0.0000000 0.0000000 0.0000000 
10 0.0000437 0.0001444 0.0001479 0.0000295 0.0001088 0.0001189 
20 0.0000728 0.0002136 0.0002566 0.0000578 0.0001901 0.0002194 
30 0.0001010 0.0002735 0.0003522 0.0000850 0.0002578 0.0003080 
40 0.0001273 0.0003270 0.0004315 0.0001113 0.0003172 0.0003882 
50 0.0001517 0.0003772 0.0005020 0.0001366 0.0003707 0.0004620 
60 0.0001745 0.0004228 0.0005670 0.0001612 0.0004197 0.0005308 
70 0.0001963 0.0004631 0.0006263 0.0001851 0.0004653 0.0005953 
80 0.0002171 0.0005012 0.0006817 0.0002083 0.0005081 0.0006564 
90 0.0002369 0.0005367 0.0007313 0.0002308 0.0005485 0.0007145 
100 0.0002557 0.0005717 0.0007794 0.0002529 0.0005869 0.0007701 
110 0.0002737 0.0006046 0.0008253 0.0002744 0.0006235 0.0008233 
120 0.0002916 0.0006340 0.0008675 0.0002954 0.0006587 0.0008746 
130 0.0003089 0.0006633 0.0009070 0.0003159 0.0006925 0.0009241 
140 0.0003255 0.0006927 0.0009448 0.0003361 0.0007251 0.0009719 
150 0.0003413 0.0007225 0.0009778 0.0003558 0.0007566 0.0010183 
160 0.0003567 0.0007505 0.0010099 0.0003751 0.0007871 0.0010633 
170 0.0003718 0.0007775 0.0010401 0.0003941 0.0008168 0.0011072 
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Table A 7. Cumulative permeate volume for experimental and model results  
                      under different particle size distributions (P: 53.33 kPa, c: 50 mg/L) 
 
    Cumulative Volume (cm3) 
Time Experimental Results Model Results 
(min) 0.5-3 um 1-5 um 0.5-3 um 1-5 um 
0 0.0000028 0.0000212 0.0000000 0.0000000 
10 0.0001224 0.0001603 0.0001040 0.0001164 
20 0.0002371 0.0002914 0.0002079 0.0002327 
30 0.0003967 0.0004174 0.0003118 0.0003489 
40 0.0005008 0.0005435 0.0004157 0.0004650 
50 0.0006019 0.0006661 0.0005194 0.0005811 
60 0.0007392 0.0007867 0.0006231 0.0006971 
70 0.0008272 0.0009063 0.0007268 0.0008130 
80 0.0009123 0.0010218 0.0008304 0.0009289 
90 0.0010420 0.0011353 0.0009339 0.0010447 
100 0.0011197 0.0012457 0.0010374 0.0011604 
110 0.0011952 0.0013537 0.0011408 0.0012761 
120 0.0012667 0.0014601 0.0012442 0.0013917 
130 0.0013400 0.0015646 0.0013475 0.0015072 
140 0.0014026 0.0016634 0.0014508 0.0016226 
150 0.0015187 0.0017638 0.0015540 0.0017380 
160 0.0015777 0.0018640 0.0016571 0.0018533 
170 0.0016394 0.0019585 0.0017602 0.0019685 
180 0.0016969 0.0020526 0.0018632 0.0020837 
    Cumulative Volume (cm3) 
Time Experimental Results Model Results 
(min) 5-10 um 10-20 um 5-10 um 10-20 um 
0 0.0000298 0.0000524 0.0000000 0.0000000 
10 0.0001396 0.0001804 0.0000895 0.0000974 
20 0.0002485 0.0002818 0.0001790 0.0001947 
30 0.0003622 0.0003873 0.0002685 0.0002919 
40 0.0004554 0.0004936 0.0003579 0.0003891 
50 0.0005511 0.0005955 0.0004473 0.0004863 
60 0.0006448 0.0006960 0.0005367 0.0005834 
70 0.0007315 0.0007951 0.0006260 0.0006804 
80 0.0008129 0.0008857 0.0007153 0.0007773 
90 0.0008910 0.0009795 0.0008046 0.0008742 
100 0.0009641 0.0010605 0.0008938 0.0009711 
110 0.0010322 0.0011455 0.0009830 0.0010678 
120 0.0010991 0.0012299 0.0010722 0.0011646 
130 0.0011638 0.0013082 0.0011613 0.0012612 
140 0.0012255 0.0013819 0.0012505 0.0013578 
150 0.0012830 0.0014523 0.0013395 0.0014544 
160 0.0013383 0.0015228 0.0014286 0.0015509 
170 0.0014051 0.0015899 0.0015176 0.0016473 
180 0.0014560 0.0016544 0.0016066 0.0017436 





Table B 1. Permeate Flux data for Activated Sludge at Different Suction pressures  




     time  
     (min) 
  
        Permeate Flux (L/m2h) 
 33.33 kPa 53.33 kPa 66.66 kPa 
0 1277.07 8656.05 10261.15 
5 601.91 745.22 773.89 
10 401.27 429.94 515.25 
15 245.29 257.96 343.95 
20 189.30 200.64 257.96 
25 114.65 171.97 171.97 
30 103.31 143.31 171.97 
35 90.32 114.65 171.97 
40 85.99 114.65 171.97 
45 85.99 114.65 171.97 
50 84.65 114.65 171.97 
55 80.32 114.65 148.27 
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Table B 2. Permeate Flux Data for Activated Sludge at 1 hr Settling Time  
                    (MLSS for supernatant »  25 mg/L, MLSS for settle layer»  220 mg/L, 




                     Permeate Flux (L/m2h) 












5 560.83 512.10 996.50 
10 234.08 284.71 485.35 
15 154.78 224.52 192.04 
20 92.68 178.66 128.03 
25 95.54 130.89 61.15 
30 86.94 110.83 40.13 
35 70.70 103.18 75.48 
40 65.92 99.36 105.10 
45 59.24 91.72 73.57 
50 21.97 72.61 58.28 
55 37.26 74.52 53.50 

























                                                                                                                                Appendix 
 119 
Table B 3. Permeate Flux Data for Activated Sludge at 2 hr Settling Times 
                (MLSS for supernatant »  21 mg/L, MLSS for settle » 230 mg/L,  

















5 933.44 43.15 1315.61 
10 150.96 25.72 361.15 
15 93.63 20.14 200.64 
20 69.75 15.21 127.07 
25 45.86 16.96 97.45 
30 42.99 13.54 85.03 
35 30.57 7.09 72.61 
40 46.82 9.16 103.18 
45 36.31 9.32 33.44 
50 33.44 8.20 53.50 
55 51.59 4.54 53.50 
60 32.48 6.05 62.10 
 
